The ability to produce structural color from inherently colorless materials, similar to that in butterfly wings and beetle shells, has attracted considerable research interest over the last three decades. Despite their extraordinary properties and performances, the field of structural colors based on inherently functional 2D materials only took off recently. In this minireview, we highlight the diversity of 2D materials utilized for achieving structural coloration in different architectures. We summarize the large tunability of photonic architectures based on 2D materials and emphasize their extraordinary dynamic response induced by external stimuli. Subsequently, recent strategies to tailor their properties with molecular and structural approaches are discussed. Finally, we point out promising future directions in this emerging field.
Iridescent soap bubbles, opals, beetle shells and butterfly wings are naturally occurring nanostructures that fascinate due to their ability of producing a wide range of colors from inherently colorless materials (Fig. 1a-c) . [1] [2] [3] [4] Over the last three decades, substantial progress has been achieved in creating such structural colors in the laboratory. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] As opposed to the colors of dyes and pigments, which are based on the absorption of light, structural color arises due to diffraction, refraction and reflection of light by submicron scale structures. 1, 7, 8, 10 The various artificial architectures that produce structural colors in the laboratory range from simple thin films to more complex 1D, 2D and 3D periodic assemblies of dielectric materials, termed photonic crystals (PC) Fig. 1d . 8, 10 A major driving force accelerating the fabrication of complex photonic architectures has been the rapid development of assembly strategies for nanomaterials that exploit and maximize novel functionalities originating from mutual interactions between the individual building blocks. [16] [17] [18] [19] Such emerging functionalities in hierarchically organized nanostructures can be considered a hallmark of the design principle known as nanoarchitectonics. 16, 17 The origin of the displayed structural color of the simplest photonic architectures like thin films and one-dimensional photonic crystals (1D PCs), can be derived from the condition for constructive interference by a combination of the Bragg and Snell laws (see 
Hereby, m is an integer value, λ is the wavelength for which constructive interference occurs, n eff is the effective refractive index (RI) of the layer (in Fabry-Pérot sensors) or bilayer (in case of a 1D PC; n eff = (n 1 l 1 + n 2 l 2 )/(l 1 + l 2 ), with l 1 + l 2 = l), 12 and θ the illumination angle. Under normal incidence, this equation transforms to:
for a thin film, [22] [23] [24] and mλ = 2 (n 1 l 1 + n 2 l 2 )
for a 1D PC. 9, 12 For the latter, l 1 and l 2 are the layer thicknesses and n 1 and n 2 are the RIs of the individual layers contributing to the bilayer. The condition of constructive interference leading to maximum reflectance in a 1D PC is equivalent to the photonic stop band or photonic band gap. From eqn (2) and (3), one can see that by changing the material thickness or the RI, a color change can be achieved. Hence, stimuli which induce a change in either n i , or l i , or both, can be detected (Fig. 2) . 9, 10, 12, 14, 25 The first generation of stimuli-responsive 1D PC was based on changes in the RI of porous nanoparticles. 9, [26] [27] [28] [29] Although some progress regarding selectivity could be achieved through functionalization 27, 30, 31 and use of inherently functional MOFs 32, 33 or zeolite NPs, 34 a major drawback remained: the intrinsically limited sensitivity due to small RI changes in the layers (typical solids and liquids have refractive indices between 1 and 3, with most solvents having RIs around 1.3-1.5). This low sensitivity could be circumvented in the second generation of 1D PCs by utilizing swellable polymers as their active component. [35] [36] [37] [38] [39] The polymer-based 1D PC show higher sensitivities as they are operated on layer thickness change; however, they exhibit rather long response times on the order of several seconds up to minutes and, being soft materials, have intrinsic stability issues, for example, to mechanical deformation, temperature and chemicals. Therefore, the search for stable stimuli responsive materials for 1D PCs, operating based on fast and reversible layer thickness changes, led to the third generation of 1D PCs based on inorganic 2D materials (nanosheets). 40, 41 The advantages for creating structural colors based on 2D materials include their tunable 2D morphology, inherent responsiveness to stimuli by swelling, diversity in composition and structure, and existence of methods to tailor and fine-tune their properties. However, they remained almost unexplored until recent times due to the limited availability of nanosheets and efficient processing techniques for 2D materials, despite early efforts with 2D materials in thin film interference sensors. 50 With the recent advances in nanosheet processing protocols and tailoring methods, 43, [51] [52] [53] [54] 2D materials made their way into the field of structural colors. 41, [55] [56] [57] [58] [59] Although there are excellent recent reviews on structural colors and their applications, 7, 8, [10] [11] [12] 2D materials appear only as minor points in these reviews as most of the research in this field is still carried out with nanoparticles and polymers despite considerable drawbacks compared to 2D materials.
With this review, we thus shine a light on photonic nanostructures based on 2D materials in order to reveal their potential as colorimetric sensors. We first give an overview of the tunable structural colors realized with a large variety of 2D materials. As nearly all of the 2D material based structures are able to change their thickness by swelling, we highlight recent examples of stimuli responsive behaviour enabling the tracking of otherwise optically silent processes. This is followed by strategies to tailor their swelling behaviour leading to rationally designed sensors and micron scale patterns of nanosheets. In the last section, promising future directions are presented for structural colors based on such 2D materials. With this review we thus illustrate the enormous potential of 2D materials as tailorable building blocks for nanostructured color sensors and beyond.
2D materials for structural coloration
Large quantities of 2D materials can be derived from solventbased delamination of layered materials, 43, 60, 61 of which the most efficient routes are liquid-phase, redox-mediated and ion exchange exfoliation. [42] [43] [44] 51, 60, 62, 63 Details on these methods have been covered in recent review articles. [43] [44] [45] 51 A wide variety of nanosheets with diverse composition and properties has been obtained by these exfoliation methods. 42, 44, 45, 62 Right after exfoliation some nanosheets can form liquid crystals which coherently scatter light, leading to structural colors (see Fig. 3a ). 64, 65 However, to make more efficient use of the structural color for sensing, the nanosheets need to be assembled into solvent-free photonic architectures. 40, 50, 66, 67 To achieve this, the most important, liquid-assisted strategies for nanosheets are spin or dipcoating. 27, 40, 41, 50, 56, 58, [68] [69] [70] The crucial parameters for nanosheet deposition using these methods are the concentration, wetting properties and volatility of the solvent. 40, 41, 56, 68 The thickness of the nanosheet layer can be altered by adjusting the spin-coating speed, concentration of the nanosheets, or by repeating the deposition procedure. 41, 55, 59, 68 This control of the layer thickness allows to adjust the structural color throughout the visible spectral range (Fig. 3b-f) . 40, 41, 55, 56, 59 Until now, a wide variety of nanosheets has been utilized to achieve structural color, as summarized in Fig. 3 and Table 1 . 40, 41, [55] [56] [57] [58] [59] 65, 67, 71, 72 However, an even larger, rapidly growing library of 2D materials exists, which holds promise for a yet more diverse and powerful set of sensing properties that can be harnessed in the future. 42, 44, [73] [74] [75] [76] [77] [78] Table 2 ). The precise control of the stop band position can be utilized in wavelength selective mirrors, e.g. dichroic mirrors, which find applications in photovoltaics, for instance in perovskite and dye sensitized solar cells, in lasers, in bank note security In the case of c), which is the default situation in nanosheet-based thin films, the change in the layer thickness is much more pronounced compared to the decrease of the refractive index. Therefore, an overall redshift in the reflectance spectrum is observed, d).
features or for the colourful design of buildings with radiation shielding properties.
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Stimuli induced color changes based on 2D material structures Besides making use of the "static" structural color of photonic structures, applications relying on dynamic color changes triggered by external stimuli are heavily investigated. 7, 11 The main utilization of dynamic structural color changes is in the field of sensing. 7, 10, 11, 25 Sensors based on structural colors can offer significant advantages compared to other sensor systems: They are label free sensors requiring no external power supply, offer a simple optical readout and are small, portable and inexpensive. 10, 25 Current challenges in the field of photonic sensors include the design of sensors with better selectivity, sensitivity, speed, stability and alternative readout schemes. 10, 25 Due to their fast swelling behaviour and tunability, 2D materials show great potential for improving these characteristics of photonic sensors. In terms of functionality, stimuli responsive sensors based on 2D materials can be grouped into different categories depending on the stimuli they can detect, e.g. vapor, liquid, temperature, and mechanically or magnetically responsive sensors. 7, 10 In the following, we will highlight the different types of photonic sensors based on 2D materials, putting special emphasis on humidity, ion and vapor sensors, as these are currently the most investigated ones. One of the very few examples of a colorimetric mechanical sensor (Fig. 4a) 67 based on 2D materials is derived from multilayer graphene nanoplatelets coated on a glass fibre. Under tensile strain or compressive stress, the thickness of the graphene layer decreases, resulting in a blue shift of the interference-based color (see eqn (1)).
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Photonic temperature sensors based on 2D materials include liquid crystalline H 0.52−x TMA x Ti 0.87 O 2 and 1D PC MgAl-NO 3 LDH/TiO 2 sensors (Fig. 4b and c) . 59, 65 For these systems, the mechanisms behind the color changes are different. The Mg-Al-NO 3 LDH/TiO 2 1D PC relies on a conversion of the LDH to a mixed metal oxide (MMO) upon calcination. 59 Due to the structural change of the LDH to MMO, the RI decreases from 1.5 to 1.2, leading to a blue shift in the displayed color. However, the reverse phase change from MMO back to LDH is not spontaneous and requires hydrothermal treatment. Instead, the gradual and reversible color change with increasing temperature in the H 0.52−x TMA x Ti 0.87 O 2 (TMA: tetramethylammonium) liquid crystal is based on a gradual thermoresponsive ionic density change. 65 Increasing the temperature leads to dissociation of TMA from the nanosheet surface with concomitant protonation of the nanosheets. This triggers a decrease in the surface potential of the nanosheets which causes a decrease in the distance between the charged sheets, hence a blue shift is observed with increasing temperature. In addition, the color change is reversible and fast, i.e. completed within 200 ms. 65 The H 0.52−x TMA x Ti 0.87 O 2 liquid crystal, representing a special class of fluid photonic structures, can be applied to detect the direction of magnetic flux as well as pH changes (Fig. 4d and e) . 65 The detection of the magnetic flux direction is based on the fact that the H 0.52−x TMA x Ti 0.87 O 2 sheets orient themselves orthogonal to the magnetic flux. This unusual alignment has only been reported for this kind of nanosheet. When the magnetic flux direction is changed, the sheets also change their orientation, leading to a change in illumination angle θ (see eqn (1) that even a small change in pH of 0.1 causes significant color changes detectable with the naked eye. 65 The most common transduction mechanism in 2D nanosheet-based photonic sensors relies on changes in the dimensionality of the active component. 40, 41, 50, 58 Changes in thickness of the nanosheet layer causing the color change are either due to intercalation 41, 50, 58 or ion exchange reactions. 40, 66, 80 The observed changes are typically large as they are maximized due to the preferred alignment of the nanosheets parallel to the substrate. The most common stimulus that is sensed with such architectures is humidity. 41, 50, 55, 56, 58, 71, 72 The first example of reversible humidity sensing by a photonic architecture based on 2D materials dates back to the 1990s, where LAPONITE® thin films were assembled by the sequential deposition of nanosheets from colloidal suspensions. 50 This was followed later with graphene oxide thin films (Fig. 4f) 41, 55 and as a consequence, the photonic structure turns transparent. This transparency switching is due to RI matching upon water intercalation into the structure as the high-RI nanosheet layer swells upon water uptake (effective RI decreases) and the textural pores of the low-RI layer are filled with water (effective RI increases). 41, 55 The combination of fast response times and giant color shift in response to humidity enables the touchless tracking of the motion of a finger across the surface of a 1D PC (Fig. 4h) , based on the humid atmosphere surrounding a human finger. 41 Touchless tracking of finger motion may be interesting in both touch-and touchless user interfaces for input or as feedback mechanism. While humidity sensors continue to be of utmost importance, sensors that are capable of detecting and differentiating between volatile organic compounds (VOCs) are likewise of immense practical interest due to their broad application range, e.g. in environmental monitoring and medical diagnostics. 10, 25, [87] [88] [89] [90] [91] [92] [93] [94] Photonic structures based on unmodified 2D materials have shown some potential in the field of vapor differentiation, i.e. as photonic noses. 68, 72 We were able to show that different polar protic vapors could be distinguished from non-polar vapors by recording the time dependent optical shift of a HSbP 2 O 8 /TiO 2 1D PC. 72 Using this combined read-out of spectral shift and response time, even constitutional isomers among the polar and protic vapors could be differentiated (Fig. 5a ). In fact, the observed degree of vapor differentiation with a single-element photonic nose is among the best reported so far. The main reason for this high selectivity is due to the acidic nature of the nanosheet layer, which is able to selectively interact with polar protic analytes through hydrogen bonding and acidbase interactions. 72 Graphene oxide thin films were also able to distinguish between polar protic vapors (see Fig. 5b ). 68 For both graphene oxide thin films and HSbP 2 O 8 /TiO 2 1D PC the sensing response is reversible. Irreversible detection of analytes under certain conditions has also been used advantageously, especially for sensing trace amounts of analytes or to monitor analyte uptake processes in real-time. The latter is particularly intriguing as it allows for the label-free detection of otherwise optically silent processes. 40, 80, 82 2D materials are ideally suited for such a detection scheme through intercalation and ion exchange. LAPONITE® thin films and LAPONITE®/TiO 2 1D PCs were utilized to differentiate between differently sized positively charged surfactants and between analytes with different functional groups by Lotsch and Ozin (Fig. 5c ). PC. 58 In g) also the reversible transparency switching is shown, which happens due to the cancellation of refractive index contrast upon water infiltration of the structure. In addition, due to their fast response time and high sensitivity to moisture the H 3 Sb 3 P 2 O 14 /SiO 2 1D PC can be utilized to detect human finger motions in a touchless fashion, h). 41 Here, the dominant detection mechanism is based on ion exchange of the interlayer alkali cations by organic alkylammonium species. 40, 80 Following the concomitant color shift, the uptake kinetics of the analytes were investigated and it was demonstrated that the initial state of the sensor could be recovered by the reverse ion exchange process. 40, 80 Recently, we were able to extend this theme to the intercalation of various primary and tertiary alkylamine vapors into H 3 Sb 3 P 2 O 14 photonic thin films (Fig. 5d) . 82 As the amines are protonated during intercalation, they are trapped in the interlayer space. Since the layer charge density of H 3 Sb 3 P 2 O 14 is higher compared to LAPONITE® layers, we obtained a clearer correlation with the analyte size. 40, 82 This is due to the fact that the layer charge density governs the orientation and, hence, packing of the charged surfactant in the interlayer space. With increasing number of carbon atoms in the alkylchain we observed a linear increase in the intergallery spacing (i.e. d-values) and, as a consequence, in the optical shift for primary alkyl amines. Moreover, we could differentiate between similarly sized primary and tertiary alkylamines based on the intercalation time. 82 Intriguingly, by simulating the time-evolution of the optical spectra, we were able to monitor vertical diffusion of primary alkyamines into H 3 Sb 3 P 2 O 14 /TiO 2 1D PCs in real time. In essence, this allows us study processes occurring at the molecular level like diffusion and layer expansion with a simple macroscopic optical read-out. 83 Therefore, optical architectures with 2D materials might help to add to the general understanding of diffusion phenomena and intercalation mechanisms of molecules in 2D materials.
Tuning dynamic color changes based on 2D materials
As both ion exchange and amine intercalation techniques in 2D materials as described above are irreversible under certain conditions, they can be used to permanently modify and fine- tune the sensor chemically. To highlight the effect of ion exchange on the vapor response characteristics, we studied the effect of exchanging the interlayer protons for TBA (tetrabutylammonium) on the vapor response characteristics. 56 The Fig. 6a and b) . The interlayer cation increased the sensitivity towards humidity in the high humidity regime (compare Fig. 6a , images 88% and 95% RH) and endowed the sensor with better performance in discriminating between and among non-polar and moderately polar vapors (Fig. 6b) . 56 Comparable sensitivity and selectivity was observed for H 1−x TBA x Ca 2 Nb 3 O 10 photonic thin films. 57 Besides enhancing the sensitivity towards humidity, TBA modification allowed for fast (ms) tracking of polar and protic vapors. 56 All of these changes can be attributed to the role of the interlayer cation that acts as the gatekeeper by controlling the chemical nature as well as width of the interlayer space. 56, 57 At the same time, the vapor-phase amine intercalation into H 3 Sb 3 P 2 O 14 thin films is a versatile chemical tool to fine tune the sensor's selectivity over an even large polarity range (Fig. 6c) . 82 The vapor intercalation strategy is highly beneficial because it is a post-assembly modification approach requiring no optimization of the spin-coating procedure, which hence is generic for all subsequent amine modifications. 82, 95 Due to the intercalation of amines with long alkyl chain lengths, considerably large responses for non-polar vapors were obtained for photonic structures based on 2D materials for the first time. Another attractive feature of the amine intercalation method is its local resolution. Hence, area resolved intercalation using a mask allows for the straightforward construction of an array sensor, which was used to distinguish between various vapors by the naked eye (Fig. 6d) . 82 We also utilized the concept of area resolved control of the interlayer species in H 1−x TBA x Ca 2 Nb 3 O 10 photonic thin films. 57 However, here the control was achieved by inducing locally resolved photocatalytic decomposition of the interlayer species TBA by the photocatalytically active host layer (i.e. Ca 2 Nb 3 O 10 − nanosheets) under UV illumination (Fig. 6e) .
Therefore, the H 1−x TBA x Ca 2 Nb 3 O 10 photonic thin films can be used as a single UV-test strip with the areas exposed to UVlight getting thinner due to the decomposition of the interlayer species. Moreover, as the interlayer cation dictates the swelling properties of the photonic nanosheet thin films, the TBA containing areas were selectively etched away leaving behind the photocatalytically modified H 1−x ĲNH 4 ) x Ca 2 Nb 3 O 10 areas. Structures with lateral features of sizes smaller than 100 μm could be produced by this technique, termed photocatalytic nanosheet lithography (PNL). It is important to note that reproducibly achieving small lateral feature sizes with nanosheets is still difficult at the current stage. Research carried out with photonic structures based on modified 2D materials can therefore be useful also beyond sensing. 57 Intercalation and ion exchange are both effective methods to tailor the functions of structures assembled from 2D materials. 56, 82 However, other possibilities of tuning the photonic response of such structures exist, such as realizing different compositional structures 55 or changes in the design of the architectures leading to altered functions (Fig. 7) . 66, 80, 84, 87 Recent approaches include the fabrication of 1D PCs based on two different swellable 2D materials ("all-nanosheet Bragg stacks", Fig. 7a ) and the creation of hybrid 1D PCs with organic polymers. 55, 86, 87 An alternative way to modify the optical response is by altering the porosity of the nanosheet layer through templating (Fig. 7b) . 66, 80 By carefully controlling the assembly conditions, this can lead to 1D PCs made out of the same materials having different porosities and, hence, effective RIs. Besides 1D PCs, also inverse opal-type 3D PC architectures have been realized with LAPONITE® nanosheets. 66 Another possibility is the design of photonic defect architectures based on 2D materials (Fig. 7c) . 84, 87 Such cavity-type structures with purposefully designed electrical field distributions across the multilayer can be used to create sensors with higher resolution or alternative read-out schemes. For example, a defect layer in a 1D PCs located in the middle of the stack induces creates optical states in the band gap, leading to a dip in the reflectance spectrum. As the narrow dip position can be read out with a higher precision compared to the broad reflectance maximum, this can lead to enhanced analyte resolution. 27, 80 Alternatively, placing polymer spheres loaded with fluorescent molecules in the defect layer was used to design fluorescence turn-on and turn-off sensors. Here, the operating mode depends on the relative spectral positions of the humidity-tunable stopband and the fluorescence maximum, respectively. An example for the design of a photonic cavity structure based on 2D materials is shown in Fig. 7c . 84 A bright future for 2D materials
As illustrated based on the above examples, a fine selection of inorganic 2D materials has already been used as the source of tunable structural color, with many more to come. And yet, there is plenty of room left for innovation as the field matures. In the final section, some promising future directions will be highlighted (Fig. 8) .
Although several 2D materials have been integrated into architectures for structural coloration, a plethora of new and existing 2D materials with stimuli-responsive properties are at hand, including for example layered Zintl phases, MXenes and Xenes, metal halogenides, and transition metal (di)chalcogenides. 42, 44, 49, 76, 77 Introducing these families of compounds with widely differing properties can result in novel functionalities. Moreover, combining different 2D materials with each other, with functional nanoparticles or with polymers in complex photonic architectures is still in its infancy and will unleash complex and enhanced functionality. Besides cation exchange and spontaneous intercalation, smart strategies are needed to customize the sensor response by individually fine tuning the composition of the layers and the interlayer space. Besides cation exchange or intercalation, 56, 82 anion exchange properties (e.g. in LDHs) can be used to detect anionic analytes. Moreover, the layer charge density of charged nanosheets can be adjusted to achieve different orientations of the interlayer species, thereby gradually fine tuning the interlayer spacing. In addition, intercalation by electrochemical methods are promising. Here, one can tailor the d-spacing, e.g. redox intercalation of Li [96] [97] [98] or bulky ammonium ions, 99 induce phase transitions (e.g. 2H → 1T
MoS 2 ) and, hence, dynamically change the structural colors over a large range, which might be suitable for display technologies. 100, 101 A large and essentially unexplored area is the integration of covalently modified nanosheets into photonic architectures. Pre-or post-assembly covalent modification of the nanosheet layers through grafting is an excellent tool to endow them with analyte specific functionality. There are now many reports available describing how to tailor the properties of the nanosheets and parent layered materials by covalent modifications. 48, 49, 89, 90, [102] [103] [104] [105] [106] The reactions are as diverse as the different nanosheet compositions and structures and comprise reactions with thiols, including click reactions, electrophiles, such as alkyl iodides and diazonium salts, isocyanates, epoxides and coordination with metal salts. Furthermore, with the recent focus on improving existing strategies and inventing new ones for quantitative nanosheet exfoliation, processing, and assembly, it is likely that scalable, as well as more complex photonic architectures based on 2D materials become readily available, like for example printable nanostructures and systems amenable to roll-to-roll processes. [51] [52] [53] [54] 107, 108 This development will also enable the fabrication of more complex 2D and 3D photonic architectures based on 2D materials and the fabrication of freestanding photonic architectures based on 2D materials. 109 In summary, this review highlights a new area in which 2D materials have the potential to excel, but unlike other directions, the use of 2D materials as building blocks for photonic architectures is still in its infancy. We have highlighted the diversity in composition and structures of the 2D materials used for structural coloration, and summarized the dynamic sensing response of 2D materials to various stimuli, which enables the tracking of otherwise optically silent processes. We discussed different strategies to tailor the functionality of photonic architectures based on 2D materials on the atomic scale by ion exchange and intercalation, as well as by changing the composition and design of the photonic architectures. To conclude, the future for creating tunable structural colors based on 2D materials is bright.
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